We report on subpicosecond pulse generation at 346 GHz repetition rate based on InAs/InP quantum dash passively mode locked lasers emitting at 1.55 m. This is achieved owing to the high optical modal gain of the multilayer InAs/InP quantum dash active region. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3070544͔
Monolithic semiconductor mode-locked lasers ͑MLLs͒ are of increasing interest for many applications in ultrahigh bit rate telecommunication systems, optical interconnects, microwave photonics, or high speed and low noise electrooptic sampling. Bulk and quantum well ͑QW͒ MLLs have been hence the focus of intense investigations over the past decades. However, the demonstration of subpicosecond pulse width together with ultralow timing jitter ͑Ͻpicoseconds͒ remains challenging for bulk and QW MLLs at high repetition rate. Self-assembled semiconductor quantum dot ͑QD͒ based lasers are very attractive components, owing to their remarkable optoelectronic properties that result from the three dimensional carrier confinement.
1 QD based active layers have hence recently been used in the fabrication of MLLs. Demonstrated fast carrier dynamics as well as large effective gain bandwidth resulting from the inherently inhomogeneously broadened gain spectrum are very interesting assets for ultrashort pulse generation. 2 A high degree of population inversion inherent to semiconductor QD systems leads to a small n sp noise factor. A small coupling of the amplified spontaneous emission ͑ASE͒ to the optical mode is further expected in these low confinement devices, resulting in low phase noise. The subpicosecond pulse width barrier has recently been crossed with the demonstration of 390 fs pulse width at a 21 GHz repetition rate based on InAs/GaAs QD material system for 1.3 m applications. 3 In the 1.55 m window, we have recently reported transform limited 800 fs pulse generation at 134 GHz using a single section InAs/InP quantum dash ͑QDash͒ Fabry-Pérot ͑FP͒ laser diode without resorting to an absorber section, attributed to enhanced four-wave mixing in this material system. 4 Exploiting the higher optical confinement factor of multilayer active layers, which results in a high modal gain, allowed laser emission for very short cavity lengths. 5 This opens the way to very short pulse generation at extremely high repetition rates in simple, one-section device configurations.
In this letter, we present passive mode locked operation of a self-pulsating QDash FP laser diode at a repetition over 300 GHz. This very high repetition rate is achieved using a simple single section laser: this has many advantages compared to conventional monolithic approaches based on short two section structures, colliding pulse mode ͑CPM͒ or harmonic mode locking, which require additional fabrication steps. 6 The QDash structure investigated was grown by gas source molecular beam epitaxy on an S-doped ͑001͒ InP substrate. The active region consists of six layers of InAs QDashes enclosed within 40-nm-thick barriers and two 80-nm-thick separate confinement heterostructure ͑SCH͒ layers. Both the barriers and SCH are undoped and are lattice-matched quaternary Ga 0.2 In 0.8 As 0.4 P 0.6 layers ͑E g = 1.17 m͒. Broad-area ͑BA͒ and buried ridge stripe ͑BRS͒ lasers were processed using standard technological steps established for InGaAsP multiquantum well lasers. For BA lasers, p-doped InP cladding layer and GaInAs contact layer are grown using metal-organic vapor-phase epitaxy ͑MOVPE͒. 50-m-wide contacts are defined by lift-off lithography. Laser emission was observed with a cavity length from 130 m to 2 mm. Figure 1 shows the threshold current density as a function of the reciprocal length of BA lasers. From this curve, we extracted a modal gain of 34 cm −1 and threshold current density for infinite length of 0.68 kA/ cm 2 , which corresponds to 110 A / cm 2 per dash layer. These values are similar to those of QW based laser and allowed laser emission for very short cavity lengths. The characteristic temperature T 0 is evaluated to be 70 K in the range of 20-80°C. BRS FP lasers were fabricated using contact lithography to define ridge waveguides with widths from 1 to 3 m. The pattern is transferred into a dielectric layer, and then into the p-based material. P-doped InP cladding layer and GaInAs contact layer are grown using MOVPE. Lateral localization of carriers is obtained by proton implantation. P and N electrical contact pads are realized by ion beam sputtering of Ti/Pt/Au. Facets are high reflection ͑HR͒ coated. Devices were mounted on a temperature stabilized holder.
For BRS laser, investigation of cavity lengths from 170 to 120 m showed emission, respectively, at 1.53 and 1.55 m in continuous wave ͑cw͒ operation, which allowed passive mode locking at ultrahigh repetition rates from 245 GHz to a record value of 346 GHz. Figure 2 shows a typical cw light-current ͑L-I͒ characteristics measured from the front facet for a 120-and 170-m-long lasers. The characteristic of 120-m-long laser shows a threshold current of 6 mA and a slope efficiency of 0.26 W/A. For a 170-m-long laser, the same threshold current and a slope efficiency of 0.52 W/A are observed. An average output power in excess of 20 mW is also demonstrated for the 170-m-long laser. The shortest laser cavity exhibits power saturation due to heating effects.
Repetition rates and pulse durations are assessed by means of an autocorrelator based on second harmonic generation. Stable mode locking is observed for currents ranging from 60 to 250 mA. The enhanced four-wave mixing in this material system appears to be the phenomenon leading to the mode locking. 8 This induces a strong correlation between the longitudinal modes. Figure 3͑a͒ shows a typical pulse train autocorrelation signal corresponding to a 245 GHz repetition rate determined by the free spectral range of the 170-m-long laser cavity. After deconvolution of the Gaussian line shape, we obtain a subpicosecond pulse width ⌬t of ϳ870 fs at the output of the self-pulsating laser for a driving current of 180 mA without any pulse compression scheme. 9 The estimated on/off extinction ratio ͑ER͒ of the measured autocorrelation pulse train is 7 dB and the peak power is about 100 mW. The corresponding optical spectrum is depicted in Fig. 3͑b͒ . As the full width at half maximum is 9.3 nm, the time bandwidth product ͑TBP͒ is evaluated to be 1, indicating some residual frequency chirp being present in the pulses. Figure 3͑c͒ shows an autocorrelation signal of 120-m-long laser, indicating a repetition period of 2.9 ps ͑346 GHz repetition rate͒; to our knowledge this is the highest repetition frequency ever achieved by a passive onesection MLL. Pulse widths decrease with increasing current from 900 to 560 fs. The shortest pulse width is obtained for a driving current of 217 mA. Figure 3͑d͒ shows the corresponding optical spectrum that has a width of 8.4 nm. The TBP was 0.6, close to the Gaussian transform limited value. Pulses are achieved with 20 mW peak power and an ER of 9 dB at a repetition rate of 346 GHz. The ER increases from 3 to 9 dB with increasing current. The self-pulsating lasers show a unique potential as they allow the achievement of ultrahigh repetition rate, which does not require an absorber or sophisticated design. Moreover, the single gain section approach presents a significant advantage over the CPM method because the high repetition rate is not obtained at the expense of optical power.
In conclusion, we have demonstrated mode locking up to a record of 346 GHz pulse repetition frequency from a selfpulsating QDash laser with subpicosecond pulse durations. Optimization of the InAs/InP active layer structure indeed yields high optical modal gain, allowing laser emission for very short cavities. This opens the way to exciting applications such as ultrahigh bit rate ͑320 Gbit/s͒ clock recovery, terahertz generation based on photoconduction, or microwave photonics.
